Papillomaviruses are small, double-stranded DNA viruses that infect a wide variety of vertebrate species and induce epithelial cell proliferation which, in some cases, can progress to the malignant state (2, 24, 37) . Bovine papillomavirus type 1 (BPV-1) induces fibropapillomas on cattle and foci on immortalized murine cell lines and has been used as a model system for studying papillomavirus transformation in vitro (9, 18, 36) . The predominant in vitro transforming activity of BPV-1 is attributable to its E5 gene product (7, 9, 16, 20, 30, 32) . The E5 protein consists of 44 amino acids with two distinct structural features: a hydrophobic 30-amino-acid N-terminal region which functions as a transmembrane domain and a hydrophilic 14-amino-acid C-terminal region which contains two cysteine residues essential for homodimer formation (3, 17, 31) . E5 is oriented asymmetrically in cellular endomembranes with its C terminus facing the lumen of the Golgi apparatus (3) , and recent studies indicate that E5 accumulation in the trans Golgi apparatus is critical for its mitogenic signalling (34) .
E5 induces cellular transformation apparently via the modulation of tyrosine kinase growth factor receptor signalling pathways. For example, E5 cooperates with exogenously transfected epidermal growth factor receptor (EGF-R) in the transformation of NIH 3T3 cells and induces receptor hyperphosphorylation as well as altered downregulation (21) . E5 also induces the autophosphorylation of endogenous platelet-derived growth factor receptor (PDGF-R) in fibroblasts (27) and can cooperate with PDGF-R in the transformation of cells which normally lack this receptor (12, 22) . Finally, E5 coprecipitates with PDGF-R in transformed cells (25, 26) as well as with the 16-kilodalton subunit (16K subunit) of the vacuolar ATPase (V-ATPase), suggesting that physical interactions may mediate the ability of E5 to activate a given receptor complex. Recent studies indicate that the E5 transmembrane domain mediates interaction with both PDGF-R and the 16K protein (10) . More specifically, E5-16K protein interactions appear to be mediated by polar or charged amino acid residues of their respective transmembrane domains (1) . In contrast, E5-EGF-R interactions appear to be mediated by the E5 C-terminal domain (4) and may reflect recently described interactions between E5 and an alpha-adaptin-like protein (5) .
Although the mechanism of receptor activation by E5 has not been identified, several distinct but nonexclusive possibilities exist, including the following: (i) dimeric E5 protein may facilitate the cross-linking of receptors and thereby initiate receptor transphosphorylation and activation and (ii) E5 may interfere with the function of the V-ATPase (via 16K protein binding) and alter the downregulation and/or processing of receptors at either plasma membrane or Golgi apparatus locations, inducing a prolonged mitogenic response. Indirect mechanisms of receptor activation are also a possibility.
This study examines the correlation between the ability of E5 to bind (i.e., form stable complexes with) either endogenous PDGF-R or 16K protein in fibroblasts and its ability to transform cells. We have also evaluated E5-PDGF-R interactions in a cell line, 32D, which was stably transfected with PDGF-R. Specifically, we have utilized a series of E5 transmembrane mutants (altered at position 17) which were recently shown to exhibit variant transforming activity on fibroblasts (33) . Since the transmembrane domain of E5 appears to mediate its binding to cell proteins, we hypothesized that it might be possible to utilize these mutants to determine whether the 16K protein or PDGF-R was the predominant target for E5 binding and consequent mitogenic signalling. Our results indicated that there was no absolute correspondence between the ability of E5 to bind either PDGF-R or the 16K protein and its ability to transform fibroblasts. Indeed, in fibroblasts, all position 17 mutants showed greatly reduced binding to PDGF-R, despite the finding that most of the transforming E5 proteins were able to induce receptor phosphorylation.
The most informative E5 point mutant (serine 17 mutant) was unable to associate with PDGF-R or induce receptor autophosphorylation, despite being able to transform NIH 3T3 and C127 cells efficiently. In 32D cells expressing PDGF-R, serine 17 mutant E5 protein was incapable of generating cellular transformation or associating with and inducing autophosphorylation of PDGF-R, further demonstrating a lack of cooperative interaction between serine 17 mutant E5 protein and PDGF-R. The simplest explanation for these findings is that serine 17 mutant E5 protein functionally interacts with a distinct or additional cellular target to induce fibroblast transformation.
MATERIALS AND METHODS
Cell culture. COS-1, NIH 3T3, and C127 cell lines were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal calf serum. The murine interleukin 3 (IL-3)-dependent hematopoietic cell line 32D (15) was cultured in RPMI 1640 medium (GIBCO, Grand Island, N.Y.) supplemented with 15% prime fetal bovine serum (Biofluids, Rockville, Md.) and 5% WEHI-3B-conditioned medium as a source of murine IL-3 (14) .
Plasmid constructions. Construction of the expression vector pJS55, a modified pSG plasmid (Stratagene), and corresponding E5 glutamine 17 substitution mutants has been described previously (33) . These constructs were used for expression in COS-1 and mouse fibroblast cells.
For analysis of BPV-1 E5 oncoproteins in 32D cells, constructs were made using the expression vector pLTR-neo (gift from D. Goldstein) (6, 28). Construction of the BPV-1 E5 amino acid 17 series mutants was done by a two-step PCR using oligonucleotides synthesized on a Millipore Cyclone Plus DNA synthesizer. An oligonucleotide corresponding to the 5Ј end of the E2-E5 region codes for the first four amino acids of E2 and contains an XhoI sequence 5Ј to the translational start site: 5Ј-TTACATCTCGAGGCCACCATGCCAAATCT A-3Ј. A second oligonucleotide corresponding to the 3Ј end of E5 is complementary to the last four codons of the oncoprotein with a BamHI site downstream of the translational stop site: 5Ј-ATAGCTGGATCCTTAAAAGGGCA GACC-3Ј. A matched pair of oligonucleotides for each desired mutation at codon 17 was synthesized. These oligonucleotides complement 9 or 10 bases on either side of codon 17 and contain the appropriate alteration for glutamine 17. The template, pPAVA (13) , which contains the E2-E5 genes, was used in all PCRs. The first round of synthesis consisted of two separate reactions. Two halves of each E2-E5 mutant were constructed with one outside primer and an internal oligonucleotide from the opposite strand. These products were purified from agarose gels and used for the second round of synthesis. Each half of PCR-generated E2-E5 was used as a template with each of the E2-E5 5Ј and 3Ј oligonucleotides described above as primers. All final PCR products were cleaved with XhoI and BamHI and ligated into the XhoI-BglII sites of pLTR. The desired E5 mutation in each clone derived by PCR was verified by dideoxy sequencing.
DNA transfections and IL-3 abrogation assays. Transfection for transientexpression assays with COS-1 cells and construction of mouse fibroblast lines expressing E5 and glutamine 17 mutants have been described previously (33, 34) . DNA transfections of 32D cells expressing PDGF-R (12) were performed with a Gene Pulser transfection apparatus (Bio-Rad, Richmond, Calif.). After one washing in cold phosphate-buffered saline (PBS), 10 7 cells were resuspended in 200 l of PBS with 10 g of unlinearized plasmid DNA in a sample cuvette. The cuvette was exposed to a pulse of 250 V at 960 mF by using the Bio-Rad capacitance extender and was chilled on ice for 10 min. The cells were plated in WEHI-3B-conditioned medium. Forty-eight hours posttransfection, the cells were transferred to selection medium containing genticin (750 g/ml; GIBCO). After 2 weeks in selection medium, viable cells emerged in cultures transfected with plasmid DNA containing the neomycin resistance selectable marker. No cells survived in mock-transfected cultures.
For IL-3 abrogation assays, 32D cells expressing PDGF-R were transfected with E5 constructs as described above. After 48 h in WEHI-3B-conditioned medium, cells were transferred to selection medium lacking IL-3. Briefly, the total volume of cells was resuspended in 100 ml of RPMI 1640 medium lacking IL-3 and plated in 100 1-ml wells of Falcon multiwell tissue culture plates (Becton Dickson Labware, Lincoln Park, N.J. For detecting tyrosine-phosphorylated PDGF-R in NIH 3T3 cells, two 150-cm-diameter plates of ϳ80% confluent cells were washed twice in PBS and incubated in serum-free DMEM for 14 to 16 h at 37ЊC. Prior to being harvested, the cells were washed once in PBS containing 100 M Na 3 VO 4 . The cells were then extracted in 1 ml of a lysis solution containing 1% Triton X-100, 50 mM hydroxyethylpiperazine ethanesulfonic acid (pH 7.5) (HEPES), 5 mM EDTA, 50 mM NaCl, 50 mM NaF, 10 mM NaPP i , 1 mM Na 3 VO 4 , 0.5 mM phenylmethylsulfonyl fluoride (Sigma Chemical Co., St. Louis, Mo.), 10 g of aprotinin (Boehringer Mannheim) per ml, and 10 g of leupeptin (Boehringer Mannheim) per ml. The procedures for immunoprecipitation were similar to those described above. For standardization of the amount of receptor from each sample, 10% of each lysate was aliquotted for immunoprecipitation with 1 l of the anti-␤-PDGF-R antibody described above. The remainder of each lysate was immunoprecipitated with 5 l of antiphosphotyrosine antibody G410 (UBI) for 2 h. The immunoprecipitates were washed three times with lysis solution, solubilized in 30 l of sample buffer, and boiled for 4 min. Proteins were then separated on 7.5% polyacrylamide gels at 230 V and transferred overnight to Immobilon-P transfer membranes (Millipore, Bedford, Mass.) in Tris-glycine buffer with 20% methanol at 20 V. Immunoblotting was performed with a Tropix (Bedford, Mass.) Western Light protein detection kit according to procedures described by the manufacturer. The anti-␤-PDGF-R antibody (06-131; UBI), at a dilution of 1:500, was used for all blots. The membranes were exposed to film for 5 to 20 min.
For analysis of tyrosine-phosphorylated PDGF-R in C127 lines, cells were incubated in serum-free DMEM for 14 to 16 h at 37ЊC and metabolically labelled with [ 35 S]methionine the next day as described above. Cell extracts, generated by using Triton X-100 lysis buffer, were subjected to a first round of immunoprecipitation using 5 l of the anti-␤-PDGF-R antibody and then to a second immunoprecipitation with 1 l of the antiphosphotyrosine antibody. Procedures were similar to those used for double immunoprecipitations as described above.
For immunoprecipitation of E5 protein in 32D cells, 1.5 ϫ 10 7 cells were washed twice with PBS and lysed with 1 ml of modified radioimmunoprecipitation assay (RIPA) buffer (13) containing 0.1 mM protease inhibitors N␣-p-tosyl-L-lysine chloromethyl ketone (TLCK) (Sigma) and N-tosyl-L-phenylalanine chloromethyl ketone (TPCK) (Sigma) and 0.5 mM phenylmethylsulfonyl fluoride (Sigma). Lysates were clarified by centrifugation in a microcentrifuge. For E5 expression, 5 l of an anti-E5 antiserum generated against the carboxyl-terminal 14 amino acids of E5 and 50 l of a 1:1 suspension of protein A-Sepharose CL-4B (Pharmacia, Piscataway, N.J.) were added to the clarified supernatants. The extracts were rocked for 1.5 h at 4ЊC, at which time the Sepharose beads were washed three times with 1 ml of RIPA buffer. For PDGF-R analysis, 32D cells were lysed in Triton X-100 buffer and 1 ml of clarified extract was incubated with 5 l of the anti-␤-PDGF-R antibody. For detection of phosphotyrosinecontaining receptors, 32D cells were washed with cold PBS plus 100 M Na 3 VO 4 . The cells were then pelleted and lysed in 1 ml of Triton X-100 buffer. The cells were treated similarly to the fibroblasts described above. All 32D immunoprecipitated proteins were resolved on SDS-polyacrylamide gels, transferred to polyvinylidene difluoride (PVDF) membranes, and subjected to immunoblot analysis. E5 proteins were detected on membranes by using the anti-E5 antiserum (1:5,000 dilution). PDGF-R was detected on membranes by using anti-PDGF-R antibody (1:500 dilution of 06-131). The membranes were exposed to radiography film for 10 s to 15 min.
Immunofluorescence assays. COS-1 cells were grown on glass coverslips, and when 60% confluent, they were transfected with the pJS55 constructs as described above. Forty-eight hours after glycerol shock, the cells were washed twice in PBS, fixed for 20 min in PBS containing 3.7% formaldehyde, and washed again three times in PBS. The coverslips were incubated for 20 min in 10% normal goat serum-0.1% saponin in PBS and then washed twice in PBS. The cells were then incubated for 1 h with antibody AU1 that was diluted 1:125 in PBS containing 10% normal goat serum-0.1% saponin. The coverslips were washed three times with PBS, incubated for 1 h with rhodamine conjugated to goat anti-mouse antibody (Jackson Laboratories, Bar Harbor, Maine), and washed three times again in PBS. The coverslips were mounted on slides with Fluoromount (PanData, Rockville, Md.) mounting solution. Cells were observed and photographed with a Zeiss Axioskop inverted fluorescence microscope. 
RESULTS
The construction and biological activities of the E5 point mutants used in this study ( Fig. 1 ) have been reported previously, and substitutions with all four classes of amino acids at residue 17 are included (33) . These constructs vary in focusforming ability on mouse fibroblast cell lines C127 and NIH 3T3 and include hypertransforming as well as defective forms. In order to facilitate protein detection and isolation, all E5 constructs contained the six-amino-acid epitope AU1 at the N terminus. This small epitope does not interfere with either E5 biologic activity or intracellular localization (33) .
Studies with 32D hematopoietic cells. We have previously noted that the expression of a given E5 point mutation in C127 and NIH 3T3 fibroblasts induces different phenotypes (33) . For example, while the aspartic acid mutant was hyperactive in C127 cells, it was defective in NIH 3T3 cells. To evaluate the biological behavior of these E5 mutants in an additional and very different cell type and assay system, we utilized 32D hematopoietic cells. These cells allowed us to evaluate the cooperative interaction of the E5 mutants with ␤ PDGF-R without the potential interference of additional tyrosine kinase growth factor receptors present on fibroblasts. It has already been shown that wild-type (wt) E5 can induce ␤-PDGF-R autophosphorylation and induce 32D cells to become independent of IL-3 for growth in vitro (12) . In addition, we have also used this system to dissect the interaction of wt E5 with various mutants of PDGF-R (35) .
(i) Two E5 mutants (glutamic acid and lysine) confer IL-3 independence. The plasmid pLTR was used to express the wt and mutant E5 proteins and ␤ PDGF-R in 32D cells (6, 28) . A PDGF-R-expressing cell line was first generated by transfecting naive 32D cells with the ␤-PDGF-R vector pLTR/PR. This line was then subjected to a second round of transfection with each of the E5 constructs. Transfected cells were then screened for their ability to confer IL-3-independent growth by resuspending cells in IL-3-deficient medium, plating the cells in 100-well trays, and scoring for the number of growing colonies after 3 weeks. Results from three assays demonstrated that only the glutamic acid and lysine E5 mutants were able to induce IL-3-independent growth (Fig. 2) . The ability of the E5 glutamic acid mutant to induce IL-3-independent growth in 32D cells parallels its strong transforming activity in NIH 3T3 and C127 cells. However, while the lysine mutant was relatively active in 32D cells (approximately 40% of wt levels), it was less active in NIH 3T3 cells (7% of wt levels). Other mutants which exhibited transformation efficiencies in NIH 3T3 cells similar to that of the lysine mutant (e.g., aspartic acid mutant) produced very little transformation in 32D cells. Most significantly, the serine mutant, which was relatively active in NIH 3T3 cells (40% of wt levels) and hypertransforming in C127 cells (300% of wt activity), was completely defective in 32D cells, indicating a lack of cooperative interaction between E5 and ␤ PDGF-R.
To show that the biological defect in the E5 mutant proteins was not due to protein instability or an inability to dimerize, 32D cell lines were screened for oncoprotein expression. Figure 3 demonstrates that all E5 position 17 mutants were expressed at similar levels and that they formed homodimers. In general, there was no correlation between apparent efficiency of dimer formation and transforming activity. While the transformation-defective phenylalanine mutant formed dimers poorly, other transformation-defective mutants (e.g., histidine and serine mutants) had a greater dimer/monomer ratio than the transformation-proficient glutamic acid mutant.
(ii) Although both the glutamic acid and the lysine E5 mutants induce PDGF-R autophosphorylation, the lysine mutant fails to associate with the receptor. To evaluate whether E5-FIG. 1. Amino acid sequence of wt BPV-1 E5 and the constructed substitutions at position 17 (glutamine). The amino acid sequence of E5, which can be divided into two structurally distinct regions, is shown at the top. The N-terminal 30 amino acids are hydrophobic and are believed to mediate membrane insertion. Glutamine (position 17) is located in the middle of this transmembrane domain. The C-terminal 14 amino acids are hydrophilic and contain two cysteine residues important for homodimerization and biological activity. The indicated substitutions at position 17 were generated by PCR methods, and the mutants were cloned into two different vectors that allowed expression from (i) the simian virus 40 early promoter for use in COS-1 and mouse fibroblast cells and (ii) the long terminal repeat promoter for use in mouse 32D cells. Transformation efficiencies in C127 and NIH 3T3 cells are listed for each mutant and have been published previously (33) .
FIG. 2.
The E5 glutamic acid and lysine mutants confer IL-3 independence for growth when coexpressed with ␤ PDGF-R. The cell line 32D was transfected with 10 g of each E5 construct as described in Materials and Methods. Following electroporation, cells were grown for 48 h in RPMI 1640 growth medium supplemented with 15% WEHI-3B-conditioned medium as a source of IL-3. The cells were then washed twice in RPMI 1640 medium supplemented with 15% fetal bovine serum without WEHI-3B-conditioned medium and plated in 100 1-ml wells. Wells in which viable cells emerged and were still proliferating at 21 days were scored as positive. Factor-independent lines could be established from positive wells. Data are the results of three independent experiments. PDGF-R binding was predictive of transformation in 32D cells, we also determined the amount of PDGF-R which was coprecipitated with E5 in cells expressing equivalent amounts of E5 and receptor (Fig. 4) . Only the glutamic acid mutant was able to associate with immature receptor as efficiently as wt E5. In contrast, the lysine E5 mutant showed no detectable association with PDGF-R, suggesting that cell transformation need not necessarily be the consequence of stable association between E5 and PDGF-R.
There was, however, a direct parallel in the abilities of E5 mutant proteins to transform 32D cells and to induce PDGF-R autophosphorylation. Similar to the results for NIH 3T3 cells presented below, detection of phosphorylated immature PDGF-R most closely correlated with E5 transforming activity. Only the three transforming E5 proteins (wt E5 and the Glu and Lys mutants) were able to induce the autophosphorylation of immature PDGF-R in 32D cells (Fig. 5) . All nontransforming E5 mutants were unable to facilitate receptor autophosphorylation.
Studies with NIH 3T3 cells. While there was a complete correlation between the abilities of E5 mutants to transform 32D cells and to induce ␤-PDGF-R autophosphorylation, we questioned whether these same mutants might display different phenotypes in fibroblasts (the relevant target cell for tumorigenesis). Fibroblasts express a variety of tyrosine kinase growth factors on their cell surface and might be expected to exhibit a more complex response to the expression of E5. In addition, analysis of E5 mutants in fibroblasts allows for the evaluation of E5-16K protein interactions which cannot be determined in 32D cells because of the inability to effectively label these cells with confirmed that all position 17 mutants could be expressed from stable cell lines (33) and that the differences in their biological activity were not due to the inability of an E5 protein to be synthesized in mouse fibroblasts. In addition, numerous experiments indicated that there were no gross differences in the level of E5 expression that could account for variations in biological activity (data not shown).
Analysis of E5 immunoprecipitates from these cell lines revealed that there was a profound difference in coprecipitated 16K protein (bottom panels of Fig. 6 ). E5 proteins with negatively charged amino acids at position 17 exhibited greatly reduced 16K protein binding (e.g., glutamic acid and aspartic acid), despite the observation that the former showed strong transforming activity (136% of the wt level). E5 with a polar serine residue was also dramatically reduced in 16K protein binding despite retaining 39% of wt transforming activity. In contrast, E5 mutants containing positively charged amino acids (e.g., arginine, histidine, and lysine) showed strong 16K protein binding although their transforming activities were uniformly low (7, 3, and 2%, respectively). Noncharged residues (i.e., glycine) interfered with both 16K protein interaction and cell transformation, corroborating the results of an earlier study (11) . These binding studies are also in agreement with a previous genetic analysis demonstrating that the glutamine residue in the E5 transmembrane domain interacts with the neg- 35 S]methionine as described in Materials and Methods. Cell lysates were first immunoprecipitated with antibody against the epitope-tagged E5 protein (AU1). An aliquot was removed for E5 analysis on a 14% polyacrylamide gel, and the remainder of the immunoprecipitate was subjected to a second immunoprecipitation using antibodies specific for the ␤ PDGF-R. Proteins from the second immunoprecipitation were resolved on a 7.5% polyacrylamide gel. Positions for the mature and immature PDGF-R (m PR and i PR, respectively), 16K protein, and E5 are shown on the right. Molecular mass markers (in kilodaltons) are shown on the left. atively charged glutamic acid residue in the fourth transmembrane domain of the 16K protein (1). Thus, it would be anticipated that the substitution of negatively charged residues into position 17 of E5 would interfere with 16K protein binding and that substitution with positively charged residues would augment interaction.
Overall, there were three classes of E5 mutants with regard to 16K protein association and cellular transformation: (i) those that bound 16K protein and were transformation defective, (ii) those that did not associate with 16K protein but were biologically active, and (iii) those that did not associate with 16K protein and also did not transform cells. While extensive mutagenesis of E5 residue 17 has clearly dissociated transforming activity from 16K protein binding, these results probably represent the complex interaction of the E5 transmembrane domain not only with cellular target proteins but also with adjacent E5 transmembrane domains (homodimer formation).
(ii) All E5 position 17 mutants exhibit markedly reduced interaction with ␤ PDGF-R. While there have been numerous studies implicating PDGF-R as the target for E5 (10, 12, 22, (25) (26) (27) 29) , there are limited data on the ability of various transforming and nontransforming E5 transmembrane mutants to associate with this receptor. In order to pursue a systematic evaluation of such mutants, we evaluated E5 immunoprecipitates of the fibroblast lines described above for coprecipitated ␤ PDGF-R. As indicated in the upper panels of Fig. 6 , a second round of immunoprecipitation with antibodies against ␤ PDGF-R confirmed that wt E5 associated predominantly with the immature form of PDGF-R (25), although the mature form also coprecipitated. Regardless of amino acid substitution, all position 17 mutants showed greatly reduced PDGF-R association, indicating that PDGF-R association was strictly dependent upon the E5 glutamine residue at position 17. Interestingly, the glutamic acid substitution mutant (which transforms NIH 3T3 cells more efficiently than wt E5 [ Fig. 1] [34]) exhibited one of the lowest levels of association with PDGF-R (Fig. 6 , lane Glu). Transformation-defective mutants, such as the arginine substitution mutant, exhibited higher levels of PDGF-R association than the hypertransforming glutamic acid mutant. The serine mutant also showed very low levels of receptor association despite its being one of the few mutants which retained significant transforming activity. Binding studies (to show levels of associated 16K protein and PDGF-R) were carried out three times, and densitometry was also performed to quantitate the amount of immature receptor bound to either wt or mutant E5. All E5 mutants demonstrated binding of 13% or less compared with the level of binding of wt E5, including the hyperactive glutamic acid mutant. Clearly, E5-receptor association does not predict E5 transforming activity, and the glutamic acid E5 mutant illustrates convincingly that it is not necessary for E5 to associate stably with PDGF-R in order to transform NIH 3T3 cells.
(iii) Cell transformation by the E5 mutants correlates with PDGF-R autophosphorylation except for the serine mutant. Previous studies have demonstrated a correlation between the transforming activity of E5 and its ability to induce ␤-PDGF-R autophosphorylation (8, 12, 22, 25) . More specifically, this induction of receptor autophosphorylation affects primarily the immature form of the receptor (22, 23, 25, 27) . In order to determine if the level of receptor autophosphorylation paralleled the transformation efficiency of the E5 mutant proteins described above, we immunoprecipitated all cell lines with either anti-PDGF-R antibodies (to determine the total amount of cellular receptor) or antiphosphotyrosine antibodies (to determine the level of PDGF-R autophosphorylation). Following separation of immunoprecipitate samples on acrylamide gels, proteins were transferred to PVDF membranes and immunoblotted with the anti-PDGF-R antibodies.
The results shown in Fig. 7 (upper panel) indicated that the wt E5 protein and the transforming E5 glutamic acid mutant induced phosphorylation of immature PDGF-R but that all of the transformation-defective E5 mutants (i.e., glycine, phenylalanine, and asparagine mutants) failed to induce immaturereceptor phosphorylation. However, the transforming serine mutant (approximately 40% of wt activity in NIH 3T3 cells and 300% of wt activity in C127 cells [33] ) was defective for inducing receptor autophosphorylation. In order to rule out artifacts due to neomycin resistance selection, NIH 3T3 lines expressing either wt E5 or serine 17 mutant E5 were also generated by isolating transformed foci. Similar to findings with the drugselected lines, only the foci expressing wt E5 (and not those expressing the serine 17 E5 mutant) showed PDGF-R autophosphorylation (data not shown). In addition, other mutants with lower transforming activities (aspartic acid, 10%; lysine, 7%) were also defective for this induction. Evidently, phosphorylation of immature PDGF-R was not a requirement for cellular transformation by the serine mutant. All E5 mutants, whether transforming or nontransforming, induced variable phosphorylation of the mature form of PDGF-R, suggesting that its activation did not result in cellular transformation (27) . In summary, our results indicate that the level of E5-induced phosphorylation of immature PDGF-R correlated with cell transforming activity for most E5 mutants, with the exception of the serine mutant. The serine E5 mutant transformed cells without significantly binding to or inducing autophosphorylation of PDGF-R.
E5 mutants also dissociate PDGF-R binding and autophosphorylation from cell transformation in C127 cells. We also evaluated the biochemical properties of the E5 mutants in an additional fibroblast cell line, C127. In C127 cells, the serine 17 E5 mutant displays a hyperactive phenotype and transforms cells with 300% of the wt level of activity (33) . It was important to verify whether this serine mutant was also defective for activation of PDGF-R in this cell line as well as to establish whether the other E5 mutants showed a similar dissociation of receptor binding and cell transformation. The ability of the E5 mutant proteins to bind PDGF-R was assayed as described above for NIH 3T3 cells. Induction of receptor autophosphorylation was determined through a double immunoprecipitation. Figure 8A shows that the transformation-defective basic substitution (arginine and lysine) mutants bound significant levels of receptor (approximately 85 and 30% of wt levels, respectively), while the transformation-competent basic histidine mutant also bound receptor (approximately 30%). In contrast, the highly transforming serine, glutamic acid, and aspartic acid mutants bound low levels of receptor (approximately 6, 13, and 10% of the wt level, respectively). It appeared, therefore, that the level of binding of PDGF-R did not correlate with the ability to transform C127 cells. The 16K subunit was not obviously coprecipitated with the E5 molecules in these experiments. It has been reported previously that detection of 16K protein in C127 cells is greatly reduced compared with that in NIH 3T3 cells (34) .
The ability of the hypertransforming serine mutant to induce PDGF-R autophosphorylation in C127 cells was also analyzed. For these experiments, cells expressing the indicated E5 mutant proteins were metabolically labelled with [ All E5 position 17 mutant proteins localize to the Golgi apparatus. Although we have previously shown that each of the described E5 transmembrane mutants forms dimers normally (33) , it remained a possibility that some of these mutants were transformation defective because of abnormal intracellular topology. This is particularly important to evaluate since recent findings indicate that E5 cannot mitogenically signal if it is restricted to the endoplasmic reticulum or cis Golgi region and is prevented from accumulating in the trans Golgi region (34) .
To determine the intracellular localization of each of the E5 mutants, we performed immunofluorescence microscopy on COS-1 cells transfected with each of the mutant E5 construct plasmids. Cell fixation and staining with the AU1 antibody (specific for the AU1 epitope appended to the E5 N terminus) are described in Materials and Methods. As Fig. 9 demonstrates, a selected group of transforming and nontransforming E5 mutant proteins localized in the Golgi apparatus similarly to wt E5, indicating that defects in accumulation in the Golgi apparatus did not account for their inability to transform cells or to induce autophosphorylation of PDGF-R. These results also indicate that position 17, while critical for mediating the interaction of E5 with cellular proteins, was not essential for E5 translocation and retention in the Golgi apparatus. Since an E5 mutant with its C terminus truncated was also able to localize to the Golgi apparatus (unpublished results), it appears that the transmembrane domain is sufficient for targeting E5 to the Golgi apparatus.
DISCUSSION
Previous mutagenic analysis has shown the importance of the transmembrane glutamine residue (position 17) for the biological activity of the BPV-1 E5 protein (11, 33) . While the glutamine residue is not absolutely required for focus formation on mouse fibroblasts, it is highly conserved among the fibropapillomaviruses, and most substitutions at this position result in a transformation-defective protein (11, 33) . Our study involved the use of biochemical assays with E5 position 17 mutants in an attempt to identify the molecular mechanism(s) of E5 transformation (results summarized in Tables 1 and 2) .
Lack of correlation between E5-PDGF-R or E5-16K protein interactions and cell transformation. In fibroblasts, all E5 mutants displayed reduced binding to PDGF-R, including those that transformed well, such as the glutamic acid and serine mutants. The glutamic acid mutant, in particular, exhibited an extremely low level of binding to PDGF-R.
Our analysis of a series of position 17 mutants indicates that, in NIH 3T3, C127, and 32D cells, there was no direct correlation between E5 transforming activity and binding to PDGF-R. There was, however, a direct parallel between E5 transforming activity and induction of PDGF-R autophosphorylation, with the exception of the serine 17 mutant. The E5 serine mutant was able to transform NIH 3T3 and C127 cells with levels of activity of 40 and 300% of the wt, respectively, yet was defective for both binding and inducing autophosphorylation of PDGF-R. While this may appear contradictory to several pre- vious reports claiming requirements for PDGF-R in E5-mediated cellular transformation (8, 12, 22) , this study represents the first extensive analysis of transmembrane E5 mutants for their abilities to bind 16K protein and PDGF-R, induce PDGF-R autophosphorylation, and transform cells. Previous studies have focused predominantly on receptor requirements and receptor mutants. The current study, therefore, indicates that E5-mediated cellular transformation, particularly in mouse fibroblasts, may proceed via mechanisms independent of PDGF-R. Previous studies had demonstrated a correlation between the abilities of E5 to bind 16K protein and to transform cells (11) . Substitution of glutamine 17 with either a glycine or a leucine residue resulted in a biologically inactive E5 molecule that did not associate with the membrane-spanning, 16K VATPase subunit. This finding led to the hypothesis that E5 protein might function by disrupting the V-ATPase proton pump. Interference with the proton pump would be predicted to alkalinize acidic compartments such as endosomes, lysosomes, and the trans Golgi apparatus and interfere with many cellular processes, including receptor downregulation and receptor processing and maturation in the Golgi apparatus. One exception to this observed correlation was a reported mutant, HR15, which generated significant focus formation on mouse fibroblasts yet did not associate with 16K protein in the same cell type (11) . Since then, HR15-16K protein coprecipitation has been repeated and this E5 protein has been shown to bind to the 16K protein (unpublished data). However, since we were able to detect normal or increased amounts of 16K protein bound to nontransforming E5 position 17 mutants (Arg, His, and Lys) and significantly less 16K protein bound to active E5 mutants (Glu and Ser), there does not appear to be a direct correlation between transformation and 16K protein binding. Similar to our conclusions about E5-PDGF-R interactions for fibroblast transformation, we cannot rule out 16K protein as a potential target for wt E5. Indeed, the transforming serine mutant, which binds poorly to 16K protein and PDGF-R and fails to induce PDGF-R autophosphorylation, may simply reflect the retargeting of this particular mutant protein to another regulatory protein. It is still possible that PDGF-R and 16K protein are important targets for wt E5 in several cell types, but there clearly needs to be another target(s) for the serine E5 mutant in mouse fibroblasts. It is also apparent from recent studies that mutation of the 16K protein can convert it into an oncoprotein, suggesting its potential importance in E5-mediated cell transformation (1). Several studies have delineated ␤ PDGF-R as the primary target for E5-mediated cell transformation (22, (25) (26) (27) 29) . Indeed, in mouse hematopoietic cells, ␤ PDGF-R appears to be a necessary and sufficient component for wt E5 to generate a mitogenic signal in the absence of IL-3 (8, 12) . In addition, E5 coprecipitates with PDGF-R, suggesting that there is a functional, physical interaction between the receptor and the oncoprotein (10, 27 ). In the current study, glutamic acid mutant E5 but not lysine mutant E5 (both inducers of IL-3-independent growth) associated with the receptor. All transformation-defective E5 mutants also failed to associate with PDGF-R in the same cells. In almost all cases, the E5 mutant proteins exhibited corresponding abilities to transform cells and to induce autophosphorylation of PDGF-R. For example, the E5 glutamic acid mutant was transformation competent in both 32D and NIH 3T3 cells and also induced PDGF-R autophosphorylation. Despite its ability to transform in both cell systems, however, the glutamic acid mutant was incapable of associating with PDGF-R in fibroblasts. There appear to be at least two explanations for this finding: either the Glu mutant exhibited a greater rate of dissociation from PDGF-R, which thereby made it difficult to isolate stable E5-receptor complexes, or the Glu mutant activated receptors via an indirect mechanism which was not dependent upon direct association with the receptor.
It is much more difficult to explain the activity of the serine E5 mutant without invoking PDGF-R-independent mechanisms. The serine mutant was hypertransforming in C127 cells (300% of wt activity), mildly reduced in NIH 3T3 cells (40% of wt activity), and completely inactive in 32D cells, despite the presence of PDGF-R in all of these cell lines. Most importantly, the serine mutant did not bind or induce PDGF-R FIG. 9. Both active and defective E5 proteins localize to the Golgi apparatus. COS-1 cells were grown on glass coverslips and transfected with each of the E5 DNA constructs. Forty-eight hours later, the cells were fixed, reacted with AU1 monoclonal antibody, and evaluated by immunofluorescence as described in Materials and Methods. Transfection of wt and mutant E5 constructs resulted in a predominant Golgi localization (arrows). autophosphorylation in either NIH 3T3 or C127 cells. Unlike the case for the glutamic acid mutant, we cannot postulate that the apparent lack of binding reflects an increased rate of dissociation from E5-receptor complexes, because the serine mutant also fails to induce autophosphorylation of the receptor. It would be necessary to speculate that the serine mutant also induced increased dephosphorylation of PDGF-R in order to explain its lack of demonstrable phosphorylation on tyrosine residues. How then is the serine mutant able to transform cells in the absence of receptor autophosphorylation? Two possibilities are discussed below.
(i) The serine 17 mutant still induces signal transduction through PDGF-R without inducing receptor autophosphorylation. Induction of signal transduction without induction of receptor phosphorylation has been reported previously for a v-sis recombinant protein (19) . When v-sis is fused to the transmembrane domain of the vesicular stomatitis virus G protein, it associates with cellular membranes. This membrane-bound form of v-sis is expressed on the cell surface and induces a mitogenic response and even promotes focus formation on NIH 3T3 cells. Surprisingly, the membrane-bound v-sis protein does not induce detectable levels of PDGF-R autophosphorylation, suggesting that v-sis need not necessarily induce this state to transmit a mitogenic signal. It is possible that the serine E5 mutant might also signal without the need for receptor autophosphorylation. In addition, serine mutant E5 may also signal indirectly through PDGF-R in the absence of a direct association between the two molecules.
(ii) The serine 17 mutant generates a mitogenic signal via a different cellular target. The finding that a single amino acid change in E5 can decrease its association with the 16K protein and PDGF-R suggests that the serine mutant might also display an altered (possibly increased) association with other cellular proteins (i.e., other growth factor receptors or possibly other receptor-associated signalling proteins). Possible alternate targets would include the closely related ␣ PDGF-R, which contains 46% identical amino acids in its transmembrane domain. However, other receptor proteins such as EGF-R are also potential candidates.
It is unclear why all E5 mutants retain the ability to induce the phosphorylation of the mature form of PDGF-R, although it is clear that this activity is not sufficient to convey a continued mitogenic response which would induce focus formation. It is possible that the dimeric E5 mutant proteins might still associate sufficiently well with mature receptor to induce their cross-linking and activation but that surface-associated receptor cannot function as a continued mitogenic source. Stable cellular transformation may require receptor signalling from the cell interior, a location where activated receptors may not be as readily downregulated. Perhaps the greatest insight into E5 biology is provided by the serine mutant. This mutant transformed NIH 3T3 and C127 cells despite its inability to bind and induce autophosphorylation of PDGF-R, suggesting that it can transform cells via a mechanism independent of PDGF-R. Compatible with this hypothesis is the finding that the E5 serine mutant cannot transform 32D cells expressing PDGF-R alone. Regardless of the ultimate explanation for the activity of the E5 serine mutant, further analysis of its biochemical and biological activities should permit the definition of new regulatory mechanisms in the receptor transformation-signalling pathway, including potential new insights into wt E5 function. 
